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Preface

This report is the result of my attempts to analyze the

effect of errors in vulnerable area due to the shape of an

aircraft or component. A primary motivation was my interest

in attaining a better understanding of the methods used to

determine the vulnerability of a weapon system, an important

factor in the design evaluation of aircraft.

I wish to thank Dr. D, W. Breuer, my thesit advisor, for

his guidance throughout this effort. I would especially like

to thank Mr. John H. Howard, Jr., for the use of his aircraft

model programs, without which this study might not have been

accomplished, his patient help in developing the computer pro4&

gram for drawing objects in a rotated system, and great moti-

vation throughout this effort.

I also wish to thank my wife very much for her patience

and understanding during the trying periods encountered while

completing this study*

""James P. VerStreate
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Abstract

An investigation is made to determine the effect of ob-

I ject shape on the calculation of 26 view vulnerable areas from

six orthogonal views by the geometrie projection method. Er-

rors in vulnerable area are found for a parallelepiped, a pyr-

amid, a cone, a cylinder, a sphere, a combination of these

bodies, and two aircraft shapes - the OV-lO and the k-10. The

POOl Antiaircraft Artillery Simulation Computer Program is

used to determine probability of kill variation due tc errors

in vulnerable areas of the aircraft shapes. Errors in vul-

nerable area for the geometric bodies vary from 0% to 70% of

actual area depending on the object and view. Vulnerable area

variations average 6% of actual vulnerable area for the OV-10,

13% for the A-10 computer model, bud 16 for the A-10 air-

craft. These variations in vulnerable area result in cumula-

tive probability of kill variations for flights against two

weapon locations of 8.5% and 6.9% for the OV-10, 9.4% and

13.2% for the A-10 computer model, and 14.31 and 15.6% for the

A-10 aircraft.

tN
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I. introduction

r Background

Aircraft survivability in a combat environment is an im-

+ iportant factor in the evaluation of both preliminary aircraft

designs and existing weapon systems. This concept has receivedI • increased emphasis as a result of the military experience in

Southeast Asia. Several methods have jeen developed to deter-

mine the vulnerability of an aircraft to different types of

hostile threats. These threats can be antiaircraft artillery, l

surface-to-air missiles, air-to-air missiles, or air-to-air
i artillery. These threats create damage due to impact by a

projectile, by fragments from an exploding warhead, or by blast

from the exploding warhead.

An integral part of a survivability analysis for projec-

tile or fragment penetration is the computation of the vulner-

able area of the target aircraft. Vulnerable area, Av, is de-.

fined as fl1at area of a target or component which, if hit by

a specific threat, causes a specified kill of the target. It

its normally e.,pressed as

Av Pkh x Ap)

where Ph is the probability of kill of a target given a ran-

doma hit on the target and A is the presented area of the tar-
p

get projected on a plane perpendicular to the shotline of the

S~threat.

In present methodology vulnerable areas are found either

1 1
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by using computer programs which raquire a detailed geometric

description of the aircraft and its components as input, or

by manual calculation from scaled engineering drawings of the -j
aircraft major views. Although the computer method is more

flexible, the cost and timz necessary to develop a complete

geometric target description is often not available. There-

fore, the manual calculation method is frequently used. The

major aircraft views available in detailed drawings are nor-

mally limited to three (top, front, and one side) or six or-

thogonal views (top, bottom, front, rear, and sides). Pre-

sented areas of critical components are measured from these

drawings in order to calculate the associated vulnerable area

for each of these six views of the aircraft. These vulner-

able areas constitute the six faces of a theoretical "box."

The present antiaircraft computer simulation model re-

quires an input of vulnerable areas of the aircraft for 26

views, composed of 45 degree increments in azimuth and eleva-

tion about the aircraft. Geometrit projection of the six or-

thogonal vulnerable area faces is used to determine the re-

maining 20 oblique views of vulnerable area. This projection

method does not account for shapes other than a "box* or for

any component sL.'•elding on the oblique views, As a result,

errors in vulnerable area are introduced, affecting probabil-

ity of kill predictions.

Problem

The problem is to determine (1) the effect of object

shape on the calculation of aircraft vulnerable areas and (2)

2_ _ _ /
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the effect of errors in vulnerable area on the probability of

kill .k of an aircraft due to projectile or fragment pens-

kill ,Rktration.

In this study aircraft vulnerable areas are computed from

measured presented areas for 26 views using computer models of

the OV-lO and A-lO aircraft. These areas are compared with

vulnerable areas obtained by geometrically projecting the six

major view vulnerable areas into 26 views. The difference

between the measured and projected vulnerable areas determines

the amount of error due to slielding and shape. Both the pro-

jected and measured sets of vulnerable areas for each aircraft

are used in the Air Force Armament Laboratory PO01 Antisir-

) craft Artillery (AAA) Simulation Computer Program to deter-

mine the variation in probability of kill obtained for a spce- -

ified flight path and antiaircraft gun threat.

A computer program is developed by the author to plot j
five basic geometric shapes - a parallelepiped, a pyramid, a

sphere, a cylinder, and a cone - in any orientation. The pre-
HN

sented areas for 26 views of each Ehape are measured and com-

pared with those obtainea by geometric projection of the six

major view areas to determine the error due -t shape. A com-

parison of measured ana projpctea sets of prt'sentea areas for

a random combination of -hese shapes is made to determine the

error caused by shape and shielding effects.

= 3The etudy is limited to the investigation of shape vari-
S~ation of the two aircraft and five geometric bodies, The sag-

3
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nitude of variations that are found apply only to each speci-

fic case,

Assumptions

An underlying hypothesis to this problem is that t'ere

is error in the projection method of vulnerable area calcula-

tions for the POOl AAA Simulation Model. It is assumed that

this error is due to shape and shielding of components that

is unaccounted for by the geometric projection of six major

view areas into 26 areas.

The probability of k,511 given a hit (Ph) for the air-

craft models and all geoms6tric shapes is assumed to be one,

so that presented areas are equal to vulnerable areas. This

assumption is valid for the larger antiaircraft threats only.

)It is used to simplify the analysis and to provide a common

basis for comparison of the magnitudes of vulneraole area var-

iation and probability of kill for the shapes studied.

The OV-lQ and the A-10 aircraft skin models are used as

examples of the complex shapes of aircraft for th-e analysis.

The results are not intended to reflect actual vulnerability

statistics for either aircraft.

In the POOl AAA Computer Program the prediction of all

tracking and gun firing errors is assumed to be correct. This

allows any variation in probability of kill to be only a func-

tion of variation in vulnerable area.

-4,

I,
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II. Survivability Assessment Methodology
-1

Survivability

Survivability is defined as the capability of a system

to avoid and withstand a man-made hostile environment without

ii suffering an abortive impairment of its ability to accomplish

its designated mission (Ref 2,1). The survivability of a wear-

on system is dependent upon many parameters. The probability

if that a system will survive (P) in a given hostile environment

W. I is expressed mathematically by

Ps= 1  Pk (2)

where Pk is the probability that the system wiln be killed.

) The probability of kill of a system is a function of its v-al-

nerability to a hostile threat and the probability that it

ii will be hit by that hostile threat. Approximate solutions to

the probability of kill problem are found by developing attri-

tion models which simulate the effect of a specified threat or

damage mechanism against the weapon system. The weapon sys-

tem is input to the attrition model in terms of its vulnera-

bility to the threat, so the first step in the survivabili ty

assessment of a system is 1 vulnerability analysis.

Vulnerability
Vulnerability is defined as the characteristics of a sys-

ten which cause it to suffer a definite degradation (incapa-

bility to perform the designated mission) as a result of hav-

ing been subjected to a certain level of effects in an unnat-

II
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ural (man-made) hostile environment (Ref 2).

Kill Levels. There are four basic categories of damage

that are used to assess the vulnerability of an aircraft in

flight. These categories define the level of damage requiredI to make the aircraft incapable of performing its mission.

These are called "kill* categories and are named attrition,

forced landing, mission, andi mission available in decreasing

order of magnitude. The attrition category is divided into

five levels of kill. The first four are sequentially inclu-

sive and time dependent. These kill levels are:

1, KK Kill - damage that causes the aircraft to

disintegrate immediately upon being hit. An example of this

could be a major structural hit.

EE 2. K Kill - damage that causes an aircraft to fall

out of manned control within 30 seconds after being hit. This i
could involve the pilot, structure, engine, or ammunition. I

3. A Kill - damage that causes an aircraft to fall

out of manned control within five minutes after being hit.

This might involve hits in the engine, fuel system, or flight

controls.

4. B Kill - damage that causes an aircraft to fall

out of manned control within 30 minutes afrer being hit. This

could include damage to the engine or fuel system components.

5. E Kill - damage that causes the aircraft to sus-

tamn additional levels of damage upon landing such that it is

uneconomical to repair. This could involve hits on the land-

)i•g gear, controls, or control surfaces.

6
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[ The forced landing category covers damage which causes

an aircraft to execute a forced landing. This could be caused

Iby damage to hydraulic or fuel lines, the electrical system,

or the engines.

The mission category includes that damage which prevents

an aircraft from completing its designated mission and is di- I

vided into two levels:

1. Mission Abort damage which causes loss of the

mission, but not the aircraft.

2. Mission Kill - damage which causes an aircraft

to fall out of manned control before completing its designated

mission.

The lowest kill category is mission available, which in- , N
) ciudes all aircraft that require repairs before returning to

= mission ready status.

Critical Components. An aircraft is vulnerable to many

kill mechanisms such as blast, fire, fragmentation, and pene-

tration. The effect of these mechanisms on the critical com-

ponents of the weapon system yield its vulnerability. Criti-

cal components are those components that are essential for

stability, control, or flight of the vehicle within -the limits

of a specified kiln level. Examples of critical components of

an aircraft are the crewmembers, airframe, engines, fuel sys-

tem, and flight controls. These components are called singly

vulnerable if the loss of any one component results in the:

specified kill level. Multiply vulnerable components are those

which require more than one to be lost In order for the air-

-7 -------
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craft to be killed. Redundant components such as crewmembers

and engines are examples of multiply vulnerable components.

P kh' Once kill levels, critical 'components, and damage

mechanisms are specified, the level of damage that a component

must sustain to prevent continued operation and the capability

of the various damage. mechanisms to inflict such damage can be

determined. The predicted component damage is then used to

determine the resultant target performance degradation. This

results in component Ph values, which are expressed as a

function of velocity and mass.

Vulnerable Area. Vulnerable area is defined mathemati-

cally to be

MA P(-xy)dydx AP3)

"A P

where P(xy) is the probability that the target is defeated

by an impact at the point (xy) in the plane in which the vul-

nerabl( area is to be measured and A is the presentEtd area in
p

that plane. Eq. (3) can be approximated by

where the A 'S are the projected areas of the critical com-

ponents and the 's are the kill probabilities given a hit

on these components (Ref 4s18).

Vulnerable area is a function of several parameters.

) First, it depends upon the characteristics of the attacking

____________________8 ________
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__ projectile. These characteristics include the striking veloc--_

ity and size of the projectile, which determines its kinetic

__ energy at impact. Second, the iesired kill levels define the _

+ • amount of damage to a critical component that is necessary to

__ cause its loss and the subsequent kill of the aircraft. This

__ damage is caused by a specified kinetic energy level of the

projectile. Third, the encounter conditions between the pro-

_ __jectile and the aircraft are required to completely describe

the hostile environment. The relative orientation between the

attack trajectory and the aircraft at the point of projectile

impact in terms of azimuth and elevation anigle determines the

__ presented area to the threat. The altitude and range from the

__ hostile weapon determines the projectile velocity. This veloc-

__ ity and the aircraft velocity determine the impact velocity.

Finally, the aircraft characteristics describe the critical

__ components, the criteria necessary to damage them, and their

arrangement to determine the amount of shielding of one com-

__ ponent by another. Shielding varies with the attack aspect

of the projectile.

__ Presented area can be calculated manually through the

_ use of engineering scaled drawings of the aircraft or photo-

graphy of scaled models, or it can be calculated by computer.

_ The manual method of calculation is accurate, but it is also

_ time consuming and normally limited to the available aircraft

major view drawings. Vulnerable area data for other views

__ must be generated artificially from the major view data. The

computer methods for finding vulnerable area require a de-

.... •%tailed geometric description of the target aircraft and the

9 _



_ GAWA¶C/74-19

accuracy of vulnerable area data is dependent upon the accu-

__ racy of this aircraft description.

__ Target Description

__• Target descriptions consist of basic information relative

to dimensions, external configuration, location of components,

__ thickness and composition of materials utilized in construc-

__• tion of the target and its components.- Most target descrip-

= tions in use consist of shotline descriptions which are gen-

erated from a model of the target. This model may be in the

__form of engineering drawings or a three-dimensional geometric

_ model of the target, which is used as input to shotline gen-

__erating computer programs. The shotline is designed to pre-

Sdict the possible trajectory of some threat thrzugh a target.

SEach shotline is used to predict thickness and angles of in-

__tersection made with elements of the target. Shotline infor-

_ mation can oe obtained manually or by computer methods. MAGIC

__ and SHOTGEN are two computer programs currently being used for

_ this purpose. Both programs have Srimxwlar outpat, but they

differ in target modeling. The MAGIC target model is based

on the combinatorial geometry method, which consists of de-

scribing target surfaces in terms of simple geometric bodies

__such as boxes, wedges, spheres, cylinders, cones, and ellip-

soids. The SHOTGEN target mddel is based on the triangular

__approximation method in which all component surfaces are de-

scribed with adjacent triangles.

Both of these target description models require extensive

time to develop, and the MAGIC and HQOTGEN computer programs

10
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that use them can require up to two hours of computer time to

generate the shotline output for two views of a complex air-

craft such as the F-4. As a result, r-any vulnerability anal-

yses are still accomplished manually.

__ Vulnerable Area Generation t
SIf shotline data for projectiles or fragments i.;i _rail- _

__ able, it can be used as input to the VAREA or COVART co--puter -_

programs to determine vulnerable areas for any aspect of the __

___ target. The threat characteristics, component damage func-

___ tions, and kill levels are specified and the kill contribution __

of each vulnerable component is computed using either a cur-ve _ -

or a step function to relate the penetrator's striking mass _

__ and velocity to a conditional kill probability. Vulnerable _

__ area is developed by computing the conditional kill proba- -_

__ bility, Pkht of each shotline and taking the product of Pkh __

and the area associated with each shotline. Summing a3! 1f

___ the shotline vulnerable areas defines the target vulnerable

area.

If vulnerable area calculations are accomplished manually,

the results are normally based on the six major views of the _

target. The vulnerablo areas of the critical components are

summed for each view, including any component shielding. If

any additional vulnerable area views are required, they are

usually found by geometric projection of the adjacent major

view vulnerable areas.

An

----- • --• _• -- ... =_ _j_
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Threat Attrition Model

Once vulnerable area data has been found it is used as

input to the appropriate threat attrition model to determine

__ the probability of kill of the target. In order to find the

Sprobability of kill of the aircraft the probability of hitting

_ it, Ph' must be evaluated. The probability of hit is expressed

__ mathematically by

S A

_ where A is the presented area of the aircralt and P(x,-) is a

_ probability density function accoundng for errors in gun

Stracking and firing (Ref la5O). The probability of kill is

__ then the probability that the projectile hits within the val-

- nerable area of the aircraft.

SP001 Antiaircraft Artillenr_(AAA) Simulation Com*nuter

Program. This program, developed by the Air Force Armament

Laboratory, is used to determine the probability of kill of a

target aircraft flying a predefined flight path against spec-

ified AAA threats. The program analyzes the sources of ran-

_ dom error which influence the effectiveness of the AAA. These

errors include pit. iction of an aim point, firing process er-

rors, and uncertainties and perturbatior-, which arise exter-

nally to the weapon system. All of these sources of random

error, which contribute to the distribution of projrct7le tra-

jectories, are assessed by the program in order to locate the

vulnerable area of the aircraft within this total distribution

of trajectories and to compute a probability of kill.

12
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• •The program requires vulnerable area data for 26 views

of the aircraft, corresponding to 45 degree increments of az-

__imuth and elevation about the aircraft. These combinations

_of azimuth and elevation locate points on an imaginary spher-

__ ical surface surrounding the aircraft. A line from these

Spoints to the center of the aircraft represents a direction

_of view or a shutline of an impacting projectile. Azimuth is

_ an angle in the horizontal plane referenced from the front of

the aircraft on the X axis and is positive in a counterclock-

wise direction. Elevation is an angle in a vertical direc-

tion referenced from the X-Y plane and is pcsitive above this

plane. The orientation of the 26 views about the aircraft is i
__ illustrated in Fig. 1. As an example, view 23 represents a

__ viewing aspect of the aircraft from 45 degrees azimuth and 45 A

degrees elevation on a sphere.

Vulnerable areas corresponJi-xg to eight striking veloc-

ities are input for each of the 26 views of the aircraft.

This buils a three-dimensional array which is interpolated

using impacting aspect and velocity of each shot at the air- -_

craft to determine the vulnerable area exposed to that shot.

Knowing this vulnerable area and the location of the aircraft

with respect to the center of distribution of the prof. ctile

trajectories, the probability of kill of the aircraft is the

summation of the probabilities of & projectile being iccated M

anywhere within this vulnerable area at the time of intercept

(Ref 5,vii).

__ The POOl program uses a deterministic technique in which _

1
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Figure 1. The 26 View Vulnerable Area System.

the distributions of the effects of all random errors are com-

bined to form a probability distribution of projectile tra-

jectories, centered about a "mean" aim point. This technique

assumes that the respective distributions of the effects of__

random errors are Gaussian (Ref 6,1-3), Using the bivariate

Snormal distribution of random effects, the interpolated vul-

nerable area for the projectile impact aspect, and the loca-

-M=A-
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tion of t*-he aircraft, the single shot probability of kill

_Pss is computed by the formula

A7

P kss =exp (A)

S-- s.2'+ 'v s.2 + Avv 2 AVf62-z
-zI 2Tr f2 2r

_2 2fibias2  f bias2

A + s 2 A (Ref 6t2-51)

2ff J (6) _

__where A~ is the vulnerable areas and S 2are total error _

__variances, and fibias and f bias describe the aircraft's lo-

I)cation. Any error in the interpolated value of vulnerable
area due to the 26 view values input to the program will cause __

__ an error in probability of kil

____ -_ ____ _ __ ____ _--.
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III. Procedure

General

The magnitude of error in vulnerable area produced by the

geometric projection of various shapes is to be determined.

Actual presented area data can be compared with projected area
to evaluate this error. Data for 26 views of any aircraft iJs !

not generally available, but a computer program for rotating

and plotting scaled models of two aircraft does exist and is

used to obtain this data. Presented areas for some basic geo-

metric bodies are found with the use of a computer program

that plots them in any desired aspect. Finally, vulnerable

area data can be used in POOl to determine the magnitudc of

error in probability of kill caused by error in vulnerable

area.

Aircraft Computer Models _

Scaled plots of the A-1O and OV-1O aircraft skin models

are generated by a computer program. This program allows the

scaled models to be rotated and plotted for any combination

of azimuth and elevation. The basis for thi3 rotation program

is an Euler angle transformation matrix with azimuth angleA

representing a rotation about the Z axis and elevation angle

angle representing a rotation about the Y axis. Azimuth is 0

on the X axis and positive in a counterclockwise direction to

180 degrees and elevation is 0 in the X--Y plane and positive

above that plane as shown in Fig. 2. The aircraft is oriented

in the reference frame with ita longitudinal axis aligned with

=[ the X axis and its lateral axis aligned with the Y axis.

16
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The desired values of azimuth and elevation for the re-

quired views are input to the program with the desired plot

size of the aircraft. These views are plotted and labeled

with azimuth, elevation, and scale factor. Examples of the 7

OV-1O and AdO0 plots are shown in Fig. 3and Fig. 4.

Symmetry of the aircraft shape about the X-Z plane re-

stuits in only nine distinct views necessary to completely

represent the 26 views of the aircraft, These distinct views

and the corresponding equivalent views using the numbering

system of Fig. 1 are listed in Table I.

Table I.

Distinct Presented Area Views and the
EquivalentVws for the 25 Viw= stem*

Distinct Views Equivalent Views

i ~26A

3 9 219 23
4i 89 2o,, 24

S57# 19* 25
S~6 1

10 14

11 139 15t 17

12 16
*Refer to Fig. 1 for information on the view numbering system.

Presented Area Measurement

Once the required aircraft views have been obtained in

plotted form from the computer the presented areas are plani-

metered using a Hewlett Packard 9810 Calculator with an attached

digitizer. The plot is placed on ,n electromagnetic digitizing

18
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Figure 3.The OV-lO Computer Aircraft Model: View 23.
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_ I
iI

• _

RZ: 45. EL: 45, _

_ SCALE:0.0110 _

Figure t, The A-10 Computer Ain-raft Model: View 23.
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surface and an electronic cursor is used to trace the outline

of the aircraft. Points along this outline are recorded as

X-Y coordinates to the calculator as the cursor crosshair is

moved along the outline. The calculator, '.hrough one of the

programs available to it, integrates the area between these

identif~ied points and designated X and Y axis baselines on the _

digitizing surface. After the aircraft outline is completely _

__ traced the total presented area in square inches is displayed

__ by the calculator. The scale factor of the aircraft plot is _

_ •then used to convert this presented area into actual area of

= the real aircraft for that view. The data obtained by this __

_ •method is accurate within 2% of actual area.

K __ Geometric Projection of Major Views

The presented areas for the major views of the aircraft,

Sassuming symmetry, form a six-sided -box" that can be used to

_ •generate the remaining 20 views by geometric projection. The
oblique views involve 45 degree projections only. A simple

computer program is used to find the 26 view presented areas

from those of the six major views. These results are then __

compared to the measured view data to determine the variation _

due to projection. The aircraft major view plots used to de-

_ termine the presented areas for the expauision to 26 views are

_•_ shown in Fig. 20 - 25 in Appendix C.

Probability of Kill Determination

__ The 26 view sets of vulnerable area, both measured and __

projected, for the OV-l0 and A-1O models and the actual A-10b

21



rGAWC/7 4 -19

"" aircraft are used in the P00! AAA Simulation Program to obtain

probability of kill, All other input parameters for each com-

puter run remain the same so that the effect of vulnerable
area differences on probability of kill can be determined.

The P001 program requires input information describing

_the time history of the flight path and its attitude in rela-
tion to a general reference system. Input is also required

on the ground weapon location, characteristics, reaction and

tracking times, weapon parameters and weapon projectile para-
meters. A typical aircraft dive bomb delivery flight path is _

used, which provides sufficient aircraft maneuvering to change

__the firing aspect of a gun throughout its firing range. The

__ aircraft approaches the target at 15,000 feet altitude and Sa

) 560 knots, performs a 45 degree dive delivery to 3500 feet

__ above the target located at the origin of the reference sys-

tem, climbs away from the target and returns to 15,000 feet. ,

__ One large antiaircraft gun is placed in one of two loca-

__tions to fire at the aircraft during any one flight path. Gun

location 1 is located with the target at the reference system _

origin. Gun location 2 is offset 500 meters in the Y direc-

tion from the origin. All gun and projectile parameters are

automatically included in the program for several antiaircraft

guns and the proper ones are called by a code used to identify _

the type of gun to be used (Ref 6,2-22). The reference sys-

tem, flight path and gun locations are shown in Fig. 5.

The output of the P001 program includes vulnerable areas

interpolated from the input set of vulnerable area data for

22--
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each shot fired by the gun at the target, the nrobability offo
SN kill for that shot, and the cumulative probabilix~y of kill for

the flight path. Since all conditions are the same ror eacn

computer run except the input vulnerable area set, the inter-

__ polated vulnerable areas for each shot can be compared for

both the measured and projected vulnerable area data.

Y

Gun Location 2

• Gun Location 1 1 X•

I __

x __

Figure 5. POOl Coordinate System with Aircraft Flight Path_
and Gun Locations.

23
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_'_ Eq. (6) shows that the probability of kill is a function _

a •of vulnerable area, gun associated errors, and aircraft loca-

t•ion. When comparing the probability of kill obtained with

- i measured vulnerable area data to that obtained using projected

-•vulnerable area data, the gun errors and aircraft location are __

__ constant for the same shot in the flight path. Therefore, any -

-- idifference in the probability of kill is due to the difference __

== between the measured and projected vulnerable area values for

that shot. The vulnerable area terms in the denominator of

__ Eq. (6) are small compared to the magnitude of the error var -

iances, so the denominator is basically a constant. The ex-

ponent, A, is very small because the bias terms are also small

when compared to the magnitude of the variance terms in that

exponent. This makes the exponential term, eA, approximately

I' one. Therefore, the probability of kill is nearly a linear

__• function of vulnerable area, and probability of kill variation

�_�.is approximately equal to vulnerable area variation for each

mnot.

Geometric Shapes

__ A further investigation of area variation due to various

shapes is conducted using five basic geometric bodies. These

bodies are a parallelepiped, a pyramid, a cylinder, a cone,

and a sphere. These are standard shapes and could be used

individually or in some combination to simulate critiqal com-

_ • ponents of a weapon system.

A computer program was developed by the author to plot

these shapes in any orientation with respect to a reference

_ .4
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system to find their presented areas for 26 views. This pro-

gram is described in Appendix B.

Presented areas are found from the plots of these indi-

vidual shapes using the digitizer and the major view areas

are projected to 26 views for comparison with the measured

data to find the error due to projection.

A combination of the five geometric shipes is used for

an analysis of area variation. Shielding of one component by

another component is accounted for in measuring the areas of

each rotalted v-iew. In this combination all five shapes are

designed to have nearly equal volumes. The sphe,- : ied as

__ a control, since it has constant presented area for any aspect,

and the volumes of all of the shapes are within 5% of the vol-

ume of the sphere. The combination of shapes is shown in Fig. _

6 in their orientation and fixed positions on a plane. Other

views are illustrated in Fig. 26- 37 in Appendix C. _

25 --
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Iz

I

SFigure 6.Combination of Geometric Shipes: Vi~ew 23.
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IV. Analysis, Discussion, and Results

Vulnerable Area Variation

The variation in vulnerable area is obtained hy subtract-

ing the measured area from the p,-;jected area for each of the

__i 26 views and this difference is expressed as a percentage of

the measured area. The results are given in graphic form in

__ Fig. 7 - 11 for the geometric shapes and in Fig. 13 - 15 for

the three aircraft considered. Fig. 72 illustrates the area

variation for the combination of shapes. The lines used on

_ the graphs are for emphasis of the 2" view data only and are

__ •not to be interpreted as continuous curves between each data
point. The data on which these graphs are based is tabulated

S-in Appendix A.

Influencing Factors. Several factors influence vulner-

-• able area and iLs variation. These are true length repre-

sentation in the projection of surfaces, shielding, proba-

bility of kill given a hit variation, and orientation of ob-

jects.

A source of error in the projection method is the loss

of true length representation of.lines or surfaces. When an

object is projected on a plane, true length is not preserved

unless the projecting plane is parallel to the object surface.

When presented areas are obtained for the six orthogonal ma-

Jor views of an aircraft or component, the surfaces of that

body are projected on the planes of a theoretical box. Wbin

the area:i on these six planes are then projected to a view in

27
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1) a non-parallel plane, area representation is no longer accu-

rate, if true length was not maintained in the original pro-

V] 7 jection to six faces. For example, the parallelepiped used

r •in the geometric shape analysis is oriented such that itsI
sides are parallel to the projecting surfaces of the six major

views. Therefore, the areas of its sides project accurately

and true length is preserved, When these views are then used __

as projecting surfaces to obtain 26 views, no error in area

is generated. This is illustrated by the results of Fig. 7.

__The other shapes do illustrate error because some of their

surfaces are not parallel to the original six projecting

planes.

Another source of error in area representation occurs

because of shielding. When the presented areas are measured

for the six major views, any shielding of components is auto-

matically included. Shielding is dependent on the viewing

aspect. When these vix major views are projected to generate

other views, the resulting areas for those generated views

include only the shielding of the major projecting views, and

any shielding that may exist in the actual view that is being

generated is not considered. Shielding is not a factor in thei -

five individual geometric shapes studied, but it is a factor

in the aircraft and combination of shapes computations.

The -probability of kill given a hit can influence vul- -__

nerable area variation. Different values of Pkh may be assigned

to various parts of an object because of material differences

or construction. These Pkh' are used to compute the vulner-

able areas from presented areas for each view. If this occurs __

28
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on a major view, any projection of this plane includes this

Pkh relationship and does not account for a different Pkh that

may exist for the view being generated.

A change in orientation of the object with respect to the

reference system changes the six major view areas and the 26

view areas will diffar from those of any other orientation.

In this study the results are applicable only to the particu-

lar objects and their assumed orientation.

Geometric Shapes. Area presentation ic accurately gen-

erated for all projections on the letvel elevation plane for

the pyramid or cylinder, as Fig. 8 and 9 illustrate, because

St.%e projecting surfaces maintain the true length relationship

Iin the plane of projecticn. However, substantial error is

generated in the 45 degree elevation views because some of the

projecting planes do not have the true length preserved. ,

A 41% error in vulnerable area occurs in views 4, 8, 20,

and 24 of the sphere. The areas of these views are found from

the projection of two major view planes. A 71% error occurs

in views generated by the projection of three orthogonal planes,

as illustrated in Fig. 10. This error should be 73.2% and the

difference is caused by the 2% inaccuracy of the planimetering

process. The cone has a similar pattern of area variation in

Fig. 11 with error magnitudes almost e~qual to those of the

sphere.

The area variation illustrated for these basic geometric

shapes is characteristic of their orientation in the refer-

enne system and their size relationship of length, width, and

30



IMC E!

04

m0

4- >

0.

0
1414

10

= -f

4au

40

CY 0 540

31.

00-_ E



4-V-

UltU
4,

04 OS
0

00

-4~

04

0 40

14
NNWb

323



GAWAIC/ 74..19

to

rq0

0

0

*14

0
No0

33



*1 4

-0
to

0

0

ID Z

00

344



GAW,/MC/7~4-l9

height, A change in any of these parameters would result in

different area for each view and different variation due to

projection.

Cmnati of Shapes. The five basic geometric shapes

were combined as shown in Fig. 7 to analyze a system involving

both shape and shielding effects. The results are shown in

Fig. 12. Only 13 distinct views are required to describe the

26 views for area measurement due to symmetry. These views

are illustrated in Fig. 26 - 37 in Appendix C.

Fig. 12 illustrates two results. First, it shows the

amount of vulnerable area variation due to projection, which _

includes the effects of shielding and shape. Second, the

dotted line represents the percent of actual presented area

! 5) of each view that is shielded. Since the geometric figures

are located in the same horizontal plane, most of the shield-

ing effect occurs in those views in that plane. Views 11 and

15, which show the greatest area variation due to projection,

also contain the largest amount of shielded area. Both shape
and shielding cause this variation. Views 10 and 12, the two

major views that are projected to determine the area of view

11, contain 35% and 29% shielded area respectively, which

contributes to the error in view 11 area.

Twelve of the 26 views show a vulnerable area error of

20% or more due to shape and shielding effects. These errors

would be a source for uncertainty, if used for probability of

kill calculations.

2)Aircraft. The area variation for the aircraft studied

35
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is caused botb by shape and shielding effect. The OV-10 has

the largest errors generated in views 2, 6, 18, and 22, as
shown in Fig. 13, which are 45 degrees above and below the I
nose and tail of the aircraft. The error is generated pri-

marily because of shape, since there is very little shielding

in these views or in the major views used to determine these

areas, -

Only 3% error occurs in views 11, 13, 15,'and 17, the 45

degree views in the level elevation plane. There is consid-

qrable shielding in these views as well as in views 12 and 14,

the side views used to generate the areas of these views.

This shielding effect in the side view seems to~ balance the

shielding that exists in the actual 45 deg-V -iews, resulting

in little error. M

The A-1O computer model error in vulnerable areas is il-

lustrated in Fig. 14. This aircraft is modeled with less

curvature of surface thanr the OV-1O model. As such, the major

views will project with less error due to shape than with the

OV-IO. A!so, there is little shielding effect in the major

views, except for the engines and the vertical tail surfaces

in the side view as shown in Fig. 24 in Appendix C.

The largest errors in area presentation occur in views

11, 13, 15, and 17, the non-major views in the leveal eleva-

tion planes These views contain large shielding elfects,

which are not compensated for in the projection of the two

major views used to generate these views geometrically. The

same effect occurs in views 5, 7, 19, and 25, which show sig-

2• 71
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nificant error in area.

The actual A-10 aircraft area variation presented in

Fig. 15 shows the same general form as that of the A-lC com-

puter model, as would be expected, but the magnitudes of error

are somewhat different because of the variation in areas be-

tween the actual aircraft and the computer model. This varia-

tion occurs because the model is only an ipproximation and the

actual AdIO dimensions used are for a different series air-

craft than was used for the model. This accounts for the dif-

ferences in magnitude of variation between Fig. 14 and 15.

Probability of Kill Variation

The probability of kill variation for each shot is shown

in Fig. 16, 17, and 18. All three figures s.ow the same gen-

) eral trend because the given conditions of flight path, gun

location, and gun type were used. The hump in the curves

represents the dive delivery portion of the flight path with

a peak at shot number 18 coinciding with the point of closest

approach to the target.

In addition to individual shot probability of .. ill, the

cumulative probability of kill for the flight path is computed

by the PO01 program. The results for the three aircraft areve

given in Table II. =
The vulnerable area of the A-IS is approximately twice

that of the OV-1O for all views and the cumulative probability

of kill results reflect this relationship. This does not

necessarily relate to the cumulative probability of kill vari-

ation, however- The larger A-10 does show a greater variation

4o0
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Table II.
Cumulative Probability oKilVariation Per

Fligbt for Measured vs. Projected

Vulnerable Area of the Aircraft

OV-10 Model A-10 Model A-10
Vulnerable Gun LocationSArea 1 2 1 2 1 2

Projected .00733 .00875 .0139 .0164 .0143 .0170

Measured .00675 .00818 .0127 .0145 .0125 .014

(%)
P Variation 8.5 6.9 9.4 13.2 14,1 15.6

in cumulative probability of kill than the OV-IO, which is a

direct consequence of the greater probability of kill varia-

tion per shot as shown in Fig. 16 and 17. The difference in

vulnerable areas for the A-LO computer model and the actual

aircraft data results in a large change in probability of kill

variation for gun location 1, but not for gun location 2. The

larger aircraft do display larger variations in both individ-

ual shot probability of kill and cumulative probability of

kill.

The average error for the OV-10 26 view projected vulner-

able area is 6%. This results in a cumulative probability of

kill variation of 8.5% and 6.9%, respectively, for flights

against gun locations 1 and 2. During these flights the max-

imum variation in single shot probability of kill is 14% and

12%.

It sh"-d be noted that the cumulative probability of

kill varia.'on i based only on those vulnerable area views

45
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required for interpolation during the flight path used in this

study, and may not include all 26 views in this average varia-

IF tion.

The A-10 computer model average error for 26 view pro-

jected vulnerable area is 13%. This error results in cumula-

tive probability of kill errors of 9.4% and 13.2% for the two

flights, with maximum single shot probability of kill errors

during these flights of 22.5% and 20.6%.

The A-10 aircraft average error for 26 view projected

vulnerable area is 14%.. This error results in cumulative

probability of kill errors of 14.1% and 15.6% for the two

flights, with maximum single shot probability of kill errors

during these fligh-s of 24.2% and 24.9%.

I
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V. Conclusions and Recommendations

An investigation of the effect of certain shapes on the

error in 26 view vulnerable area calculated by the geometric

projection method has been conducted. It can be concluded

that, while individual view vulnerable area variation can be

very large, the average variation is approximately one-half

this maximum value for the five basic shapes, the combination

of shapes, and the aircraft shape3 considered. The combina-

tion of geometric shapes and the aircraft vulnerable area

variation averages are less than 15% of actual area. The

results of the effect of vulnerable area variation on prob-

ability of kill show that the cumulative probability of kill

variation is approximately equal to the average variation in

= vulnerable area. For the aircraft considered this variation

in probability of kill is 16% or less.

Recommendations for further study of vulnerable area

effects are as followst (1) An analysis of the amount and

effect of vulnerable area variation on the probability of

kill of a complete operational weapon system could be conduct-

ed to compare with current estimates of system vulnerability,

(2) The sensitivity of lumped vulnerable area vs. distribu-

ted vulnerable area on prnbability of kill of a weapon system

could be investigated, and (3) A study of the sensitivity of

probability of kill to antiaircraft gun tracking and firing

errors for the P001 Computer Program could be conducted to

compare the magnitude of its effect with that of vulnerable

area variation.
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Table III.
Percentage Variation Between Measured and
Projected Vulnerable Areas for 26 Views

of the Parallelepiped

S~Vulnerable Area (M0)View e % Variation
Measured Projected

1 3.35 3.35 0
2 3.15 3.15 0

3 4.18 4.18 0
4 4.14 4.14 0
5 4.18 4.18 0S6 3.15 3.15 0

7 4.18 4.18 0
8 4.14 4.14 0

9 4.18 4.18 0
10 1.16 1.16 0
11 2.56 2.56 0

-) 12 2.51 2.51 0

13 2.56 2.56 0
14 -. 16 1.16 0
15 2.56 2.56 0
16 2.51 2.51 0

S17 2.56 2.56 0

18 3.15 3.15 0

19 4.18 4.16 0
20 4.14 4.14 0

21 4.18 4.18 0
22 3.15 3.15 0

23 4.18 4.18 0
24 4.14 4.14 0
25 4.18 4.18 0
26 3.35 3.35 0
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Table IV.

Percentage Variation Between Measured and
Projected Vulnerable Areas for 26 Views

of the Pyramid

2Vulnerable Area (M2)View.... Measured Projected % Variation

1 3.35 3.35 0
2 3.19 3•74 17.44
3 3.16 4.32 36.50

4 3.19 3.74 17.44
S5 3.16 4°32 36.50

6 3.19 3.74 17.44

7 3.16 4.32 36.50

8 3.19 3•74 1?.44

9 3.16 4.32 36.50
10 1.95 1.95 0
11 2.76 2.76 0
12 1.95 1.95 0
13 2.76 2.76 0

14 1.95 1.95 0

15 2.76 2.76 0
16 1.95 1.95 0
17 2.76 2.'YA 0

18 3.19 3. , 17.44
19 3.16 4.._2 36.50

20 3.19 3.7?4 17.44
21 3.16 4.32 36.50

22 3.19 3.74 17.44

23 3.16 4.32 36.50

24 3.19 3.74 17.44

S25 3.16 4.32 36.50

26 3.35 3.35 0
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Table V.

Percentage Variation Between Measured and
Projected Vulnerable Areas for 26 Viewsof the Cylinder

2SView Vulnerable Area (M2)
Measured Projected % Variation

1 3.35 3.35 0
2 3,19 3.19 O
3 3.39 4.62 36.23
4 3.35 4.73 41.41
5 3.39 4.62 36.23
6 3.19 3.19 0
7 3.39 4.62 36.23
8 3.35 4.73 41.41
9 3.39 4.62 36.23

10 1.17 1.17 0
S11 3.19 3.19 0
12 3.35 335
13 3.19 3.19 0

S14 1.17 1,17 0

15 3.19 3.19 0
16 3.35 3.35 0
17 3.19 3.19 0
18 3.19 3.19 0

19 3.39 4.62 36.23
20 3.35 4.73 41.41
21 3.39 4.62 36.23

22 3.19 3.19 0
23 3.39 4.62 36.23I _ 24 3.35 4.73 41.41

25 3.39 4.62 36.23
26 3.35 3.35 0

5
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Table VI.
Percentage Variation Between Measured and
Projected Vulnerable Areas for 26 Views

of the Sphere

2!Vulnerable Area (M2 V

View Measured Projected Variation

I 2.63 2.63 0

2 2.63 3.72 41.42

3 2.63 4.48 70.69
4 2.63 3.72 41.42

5 2.63 4.40- 70.69
6 2.63 3.72 41.42

7 2.63 4.48 70.69

8 2.63 3.72 41.42
9 2.63 4. 48 70.69

10 2.63 2.63 0

11 2.63 3.72 41.42
16 2.63 2.63 0

13 2.63 3.72 41.42
i• •14 2.63 2.63 0

15 2.63 3.72 41.42
16 2.63 2.63 0

17 2.63 3.72 41.42
S18 2.63 3- 72 41.42

19 2.63 4.48 70.69

20 2.`3 3.72 41.42
21 2.63 4.48 70.69
22 2.63 3.72 41.42

23 2.63 4.48 70.69
i•24 2.63 3.72 41.42

25 2.63 4.48 70.69

26 2.63 2.63 0
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Table VII.
Percentage Variation Between Measured andS~Projected Vulnerable Areas for 26 Views

of the Cone

v Vulnerable Area (M 2)Vieweasured rrojected % Variation

1 2.60 2.6o 0

2 3.73 5.14 37.83
3 3.29 5.47 66.26
4 2.60 3.67 41.45

S5 3.29 5.47 66.26
6 3.73 5.14 37.83

3 3.29 5.47 66.26

S8 2.60 ~3.67 i#9 3.29 5.47 66.26

10 4.67i 4.67 0
11 3.73 5.14 37.83
12 2.60 2.60 0

13 3.73 5.14 37.83
14 4.67 4.67 0
15 3.73 5.14 37.83
16 2.60 2.60 0
17 3.73 5.14 37.83
18 3.73 5.14 37.83
19 3.29 5.48 66.26
20 2.60 3.68 41.45
21 3.29 5.46 66,26

22 3.73 5.14 37.83
23 3.29 5.48 66.26
24 2.60 3.68 41.45
25 3.29 5.48 66.26
26 2.60 2.60 0

54



GAW/riC/74-/19

Table VIII.
IRA Percentage Variation Between Measured and

Projected Vulnerable Areas for 26 Views
of the Combination of Shapes

View Vulnerable Area (MVa)
Measured Projected

i 15.26 :5.26 0

2 15.89 16.80 5.70
3 16.69 20.18 20.75

4 15.90 17.96 12.95

5 16.29 20.10 23.40

6 15.89 16.8o 5.70

7 16.43 20.10 22. 3 1L
8 15.77 17.96 13.84

9 16.64 20.10 20.80
10 8.49 8.49 0

11 10.35 13.17 27.30

12 10.13 10.13 0

13 10.97 13.17 20.05

14 8.49 8.49 0
13 10.34 13.17 27.30

16 10.13 10.13 0

17 10.97 13.17 20.05

18 15.89 16.80 5.?0
19 16.43 20.10 22.34

20 15.77 17.96 13.84

21 16.64 20.10 20.80

22 15.90 16.80 5.70
23 16.64 20.10 20.75

24 15.90 17.96 12.95

25 16329 20.10 23.40

26 15.26 15.26 0
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Table IX.
Percentage Variation Between Measured and
Prjected Vulnerable Areas for 26 Views

)f the OVi-l. -Co~nputer If-odel

Vulnerable Area (M2 'View eaured Pro cted % Variation

1 40.87 40.8? 0
2 29.50 34.41 16.64

3 36.60 40.22 9.89
4 39.95 39.39 -1.4o
5 36.39 40.22 10.52

6 30.09 34.41 14.36
7 36.39 40.. 10.52
8 39.95 39.39 -1.40
9 36.60 40.22 9.89

10 7.80 7.80 0
11 15.52 16.0o 3.09
12 14.83 14.83 0
13 15.52 16.00 3.09
14 7.80 7.80 0
15 15.52 16.00 3.09
16 14.83 14.83 0
17 15.52 16.00 3.09
18 30.09 34.41 14.36
19 36.39 40.22 10.52
20 39.95 39.39 -1.40
21 36.60 40.22 9.89
22 29.50 34.41 16.64
23 36.60 40.22 9.89

24 39.95 39.39 -1.4o
25 36.39 40.22 10.5!
26 40.87 40.87 0
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Table X.

Percentag. Variation Between Measured and
Projected !ulnerable Areas for 26 Views

of the A-lO Computer M•odel

View Vulnerable Area 2IMeasured Proiected % Variation

1 77.94 7 7 •94 0

2 62.19 65.63 5.53

3 65.26 75.62 15.87

4 65.39 73.59 12.54

5 61.95 75.62 22.07
6 56.57 65.63 16.02

7 61.95 75.62 22.07

8 65.39 73.59 12.54
9 65.26 75.62 15.87

10 14.88 14.88 0

11 23.34 29.00 24.25

12 26.13 26.13 0

13 23.34 29.00 24.25

14 14.88 14.88 0

15 23.34 29.00 24...,

16 26.13 26.13

17 23.34 29.00 24.25
18 56.57 65.63 16.02

19 61.95 75.62 22.07
20 65.39 73.59 12.54

21 65.26 75.62 15.87
22 62.19 65.63 5.53

23 65.26 75.62 15.87
24 65•39 73.59 12.54

25 61.95 75.62 22.07

26 77c94 77.904 0
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Table XI.
Percentage Variation Between Measured and
Projected Vulnerable Areas for 26 Views

of the A-IO Aircraft

ViewVulnerable Area (M2 )
Measured Projected % Variation

1 79.99 79.99 0
2 61.32 67.30 9.75
3 65.78 78.59 19.47
4 66.39 76.98 15.95

5 62.62 78.59 25.50

6 53.89 67,30 24.88
7 62.66 78.59 25.50

8 66.39 76.98 15.95 I
9 65.78 78.59 19.47

10 15.19 15.19 0
11 27.13 31.16 14.85

) 12 28.87 28.87 0

13 27.13 31.16 14.85
14 15.19 15.19 0
15 27.13 31.16 14.85

16 28.87 28.87 0
17 27.13 31.16 14.85

18 53.89 67.30 24.88
19 62.62 78.59 25.50
20 66.39 76.98 15.95
21 65.78 78.59 19.47

22 61.32 67.30 9.75
23 65.78 78.59 19.47
24 66.39 76.98 15.95

25 62.62 78.59 25.5Q
26 79.99 79.99 0
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Table XII.
Percentage Variation Between POOl Calculated

Vulnerable Areas Per Shot Using OV-I!
Measured vs. Projected Vulnerable Area

Data for a Flight Against Gun Location 1

Vulnerable Area (M2)
S= Shot •Measured Projected V t

1 10.07 10.48 4.07

2 9.59 9.92 3.44

3 9.25 9.52 2.92

4 8.99 9.21 2.45

5 8.80 9.00 2.27

6 8.68 8.85 1.96

7 8.59 8.74 1.75
8 8.53 8.67 1.64

9 8.47 8.61 1.65

10 8.54 8.68 1.64

11 9.59 9.94 3.65
12 11.24 11.91 5.96

13 13.21 14.26 7•95
14 15.36 16.82 9.51
15 17.36 19.21 10.66

16 19.98 22.34 11.81

17 23.72 26.81 13.03

= 18 27.98 31.89 13.97

19 31.78 35.42 11.45

20 34.86 37.27 6.91

21 38.57 39.49 2.39

22 38.41 39.47 2.76

23 22.70 24.39 7.44
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Table XIII.
Percentage Variation Between P001 Calculated

Vulnerable Areas Per Shot Using OV-10
Measured vs. Projected Vulnerable Area

Data for a Flight Against Gun Location 2

2
Shot Vulnerable Area (M % Variation

Measured Projected

1 11.11 11.66 4*95
2 10.80 11.28 4.81

3 10.61 11.03 3.96
4 10.47 10.86 3.72
5 10.41 10.78 3.55

6 10.40 10.76 3.46
7 10.43 10.78 3.36

8 10.48 10 .84 3 .44

9 10.56 1093 3.50
10 10.75 11.14 3.63

11 11.83 12.41 4.90

12 13.62 14.52 6.61

13 15.76 17.03 8.06
14 18.20 19.89 9.29
15 20.51 22.58 10.09

16 23.47 26.06 10.82

17 27.62 30.79 11.48
18 32.27 36.08 11.81

19 35.94 39.26 9.24

20 38.45 40.33 4.89

1 40.35 40.04 -0.77
22 38.25 40.33 5.44

23 33.77 36.51 8.11

24 22.10 23.31 5.48

25 28.22 30.30 7.37
26 28.05 e-9.86 6.45
27 33.49 37.25 11.2)

28 27.98 31.14 11.29

29 21.99 23.98 9.05
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Table XIV.
Percentage Variation Between POOl Calculated

Vulnerable Areas Per Shot Using A-10
Computer Model Measured vs. Proiected Vulnerable

Area Data for a Fighýt Agains-t Gun Location 1

Vulnerable Area (M2
Measured Projected % Variation

1 18.98 19.96 5.16
2 18.14 18.91 4.24
3 17.54 18.16 3.3
4 17.07 17.57 2.93
5 16.74 17.16 2.45

S6 16.53 16.89 2.18
7 16.37 16.69 1.95
8 16.25 16.55 1.85
9 16.15 16.42 1.67

10 16.27 16.57 1.84
311 18.24 18.97 4.00

12 21.32 22.72 6.57

25.00 27.20 8.80
14 29.01 32.09 10.62
15 32.76 36.65 11.87
16 37.66 42.61 13.14
17 44.66 51.13 14.49
18 52.61 60.82 15.61
19 59.90 67.55 12.77
20 66.01 71.07 7.67
21 73.37 75.31 2.64
22 74,52 75.27 1.01
23 36.90 45.21 22.52
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Table XV.

Percentage Variation Between P00l Calculated
Vulnerable Areas Per Shot Using A-1O

Computer Model Measured vs. Projected Vulnerable
Area Data for a Fiiht Against Gun Location 2

Vulnerable Area (M2)Shot Measured Projected % Variation

1 20.59 22.14 7.53
2 19.92 21.39 7.38

3 19.49 20.90 7.23
4 19.18 20.56 7.19
5 19.01 20.38 7.21

i 6 18.94 20.33 7.34
7 18.94 20.37 7#55
8 18.98 20.45 7.74
9 19.0? 20.60 8.02

10 19.36 21.00 8.47
) 11 21.30 23.41 9.91
) 12 24.53 27.40 11.70

13 28.38 32.16 13.32

14 32.75 37.59 14.78

15 36.82 42.67 15.89
16 42.00 49.16 17-05

17 49.20 58.20 18.29
18 57.10 68.20 19.44
19 63.44 74.16 16.90
20 68.00 76.14 11.97
21 70.92 75.51 6.47
22 69.10 76.10 10.13
23 59.07 68.42 15.83
24 35.84 42.96 19.87
25 46.81 56.45 20.59
26 46.49 55.57 19.53
27 65.52 70.70 7.91
28 52.42 58.71 12.00

29 39.59 44.93 13.49
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Table XVI.
Percentage Variation Between P001 Calculated

Vulnerable Areas Per Shot Using A-10
Measured vs. Projected Vulnerable Area A

Data for a Flight Against Gun Location 1

2SVulnerable Area (?2) % VariationSShot ý aito
Sasured Projected

1 19.09 20.44 7.6o

2 18.28 19.34 5.80

3 17.70 18.56 4.86

4 17.25 17.96 4.12
5 16.93 17.54 3.5o
6 16.72 17.25 3.17

7 16.57 17.05 2.90
8 16.46 16.90 2.67

9 16.37 16.77 2.44
10 16.48 16.92 2.67
11 IP.31 19.39 5.90

12 21.17 23.24 9.78

13 24.58 27.84 13.26

14 28.31 32.86 16.07

15 31.79 37.54 18.09

16 36.34 43.66 2o.14

17 42.84 52.41 22.34

18 50.22 62.36 24.17

19 57.96 69.28 19.53
20 65.43 72.91 11.43

21 74.41 77.28 3.86
22 75.94 77.25 1.73

23 39.42 47.59 20.73
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Table XVII.
Percentage Variation Between P001 Calculated

Vulnerable Areas Per Shot Usina A-10
Measured vs. Projected Vulnerable Area

Data for a F ainstun Location2

Vulnerable Area JM2)
Shot Measured Projected % Variation

1 20.82 22.75 9.27

2 20.26 22.01 8.64

3 19.90 21.52 8.14

4 19.65 21.18 7.79

5 19.53 21.01 7.58
6 19.50 20.97 7.54

7 19.54 21.03 7.63
8 19.61 21.13 7.75

9 19.74 21.30 7.90

10 20.06 21.72 8.28
11 21.91 24.21 10.50

12 24.97 28.32 13.42

13 28.63 33.24 16.10
14 32.80 38.84 18.41

15 36.72 44.10 20.10

16 41.73 50.81 21.76

17 48.71 60,17 23.53

18 56.47 70.53 24.90

19 63.71 76.76 20.48

20 69.19 78.86 13.98
21 72.38 78.31 8.19

"22 70.13 78.84 12.42

23 60.11~ 71.32 18.65

24 38.55 45.47 17.95

25 48.70 59.16 21.48

26 48.41 58.31 20.45

27 65.54 72.85 11.15

28 52.95 60.85 14.92
29 40.94 46.82 14.36
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APPENDIX B

A Computer Program for Rotating and
Plotting Geometric Shapes

General

A computer program is developed for use with the Hewlett

Packard Model 9810 Calculator and attached Model 9862A Cal-
5I

culator Plotter to locate a specified geometric shape in any

desired orientation in a three-dimensional coordinate system,

to rotate about the system to any aspect of azimuth and ele-

vation, and to plot the shape for that aspect. This capabil-

ity is needed to produce the necessary 26 views of these geo-

metric shapes, so that the presented areas can be accurately

measured for comparison with projected area data. The program

is based upon Euler angle transformations. These transforma-

tions are used both to initially orient a shape through rota-

tion from a base orientation in the computer program and to

rotate about the coordinate system in azimuth and elevation

to any desired aspect.

Five geometric shapes are included in the program - a

parallelepiped, a pyramid, a sphere, a cylinder, and a cone.

The axis system used _nd the five shapes are shown in their

basic orientation with respect to the axis system in Fig. 6.

Transformations

In order to be able to orient any of the shapes in the

program in a different attitude than its base orientation, the

D figure must first be moved to the origin. This is done by
s0
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the use of the negative identity matrix. Multiplying this

matrix times the base coordinates of the figure translates it

to the origin. The operation is

-1 0 0 X[ JX\ JXI
0 -10 Yc + - (

0 0 o- z Z+

where X., Yc# and Zc are the coordinates of the lower left

corner of the parallelepiped or pyramid, or the coordinates

of the center of the circular base of the cone or cylinder.

X, Y, and Z represent any other point in the f.gure.

how that the figure is at the origin it can be rotated

about auay or all of the axes to a new orientation. This op-

eration involves multiplying by a transformation matrix made

up of rotations of angle $ about the Z axis, -0 about the Y

axis, and % about the X axis (Pef 20332-336). The rotation

about thq Y axis is made neGative to agree with the conven-

tion of the system rotation matrix used later in the program.

This rotation mattrix is

ai1 a 12 a13

a2 a 22 a23

a31 a 3 2 a 3 3
L =_-

-cos*cose sinicose sinO
-sin,-cos% cos,!,cos% cosOsin
-cos.-sinzsin% -sinm':sinesino (8)

-sininsino -CosYsin% cosocos%
L.) _--c O-siOcOS$ -sin~ssin4cos•

67
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Now the shape is rotated by multiplying by the A matrix,

S1 1 a 1 2 a 1 3 f x C :x

aJ2 a 2 2  a 23

a 1 3  23 a33 -Zc+Z

Sall(-X+X) + al 2 (-Yc+Y) + a3 (-Z +Z)1

Sa2 1 (-X+X) + a 2 2 (-Yc+Y) + a 2(-c+Z) (9)

3 a 1 (_Xc+X) + a2(-Yc+Y) + a 3 (-7,÷Z)

Once the object is rotated it must now be translated back to

its original location with respect to the origLn. This is

done by adding the base coordinates to the rotated coordinates

of Eq. (9). The coordinates now become

a ' (-X,+)) + al(-Yc+Y) + a(t-Zc*Z) I cgI1

* (-X +X) + a (-Y+Y) + a(-Z+Z) + Y gg (10)21 c 22 c 23%Z C :J(0
•a31(-Xc+X) + a3 2 (-Yc+Y) + a 33(-Z c+Z) + Zc g312

The final operation is to rotate the system to the desired

aspect of azimuth (a) and elevation (0). This requires the

following matrix,

bll b1 2  013 cosacosp sinacosP sinQ

b 21  b22 b23 =-sing Cosa 0 (1);

b 3 -cosasinO -sinasin8 coso

68
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Here the convention is that I is positive counterclockwise

and G is positive in a clockwise rotation to agree with the

normal sign convention for azimuth and elevation about the

aircraft. When the matrix of Eq. (11) premultiplies Eq. (10),

the resulting 3 x 1 r:atrix contains the coordinates of the

rotated system. They are

AT= bll + b1 2 92 + b1 3 g 3  (12)

YT b2 1 g1 + b2 2 92 + b23g, (13)

+ b3 2 g 2 + b3 3 g3  (14)

These operations are programmed so that the geometric

shapes can be plotted randomly. This allows modeling to be

done, since the shapes can be placed in any position to cor-

respond to a critical component in an aircraft. In this way

any view can be obtained and the presentnd area found simply

and quickly.

Program Operations

A simplifie.-_d program flow chart is shown in Fig. 19.
The base coordinates cf the figure to be arawn are entered

fLrsti Then 0, G, and % are input to perform the necessary

rotations of the base figure at the origin in order to repre-

-ant the desired attitude. For example, the base attitude ef

the cone 4M the program is with the axis parallel to the -X

axis. If a cone is o•, be represented with its axis parallel A

to the Z axis, thie 'Lse cone must be rotated 90 degrees about

6(-
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En';•'sXct Yet Zo

I q

Calculate the a and b I
1-wl lotat-ion Matrix r-!ementl

Enters Shape Program
Identifier

Select the Proper Shape Progr.

Calculate Transformation Coordinates

YT' 7-TU

Plot Shape

Figure 19. Geometric Shape Program Flow Chart.
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the Y axis, or 0 = 90 degrees.

Next, a and 0 are entered into The program to rotata the

observer to the desired viewing aspeo. The a and b matrices

are automatically calculated once the angle data is entered.

There is a subprogram for each geom:tric shape and these sub-

programs are identified by a numerical designator. When this

designator is entered into the calculator, the associated

shape subprogram is selected. The necessary parameters for

the particular shape are entered and the program calculates

the transformed coordinates and plots the figure.

The parameters needed for the parallelepiped are length

(6X), width (LY), and height (AZ). The parallelepiped is

automatically drawn using a sequence of counters to direct

the plotting pen to draw the three orthogonal edges of the

figure from four of the eight corners of the figure.

The pyramid subprogram requires five parameters. These

are the base length (AX), base width (AY), height to apex

(h), X coordinate of the apex (XA), and the Y coordinate of

the apex (YA), The pyramid is automatically drawn following

the input of this data.

The cone parameters are the radius of the base (rY _;And

the height (h), while the cylinder requires radius (r) and

length (1). These two subprograms are similar in operation

Sbecause they linvolve a circle drawing sequence for the bases
of each figure, The Y and Z coordinates around the circle

are incremented by 30 degrees. Smaller increments can be used

to obtain the desired fineness of curvature.
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The sphere subprogram is just a circle drawing sequence,

since the sphere projects as a circle in all views. The sphere

) parameter is the radius (r). When plotting this figure the

circle must be rotated about the origin to the proper aspect

such that when the system is rotated in azimuth and elevation

to a selected aspect the circle will be parallel to this aspect

plane. This is accomplished by entering values ef -I ahd .

that are opposite in sign lo the aspect a and 0 angles. An

exception to this algorithm occurs when the desired aspect is t
S90 degrees in azimuth and some non-zeeo value of elevation.

In this case, the negative value of azimuth is entered as i,

but now the negative rotation of aspect elevation must be

entered as 0 to obtain the correct representation of the cir-

c le.

A subprogram is also included which transforms input x,

yz position coordinates through a desired azimuth and ele-

vation rotation and displays the X and Y transformed coor4i-

nate values. This feature is used to determine the minimum

and maximum values of X and Y for a particular aspect. These

values are required to be input to the calculator prior to

plotting a figure and are used to correctly compute the scale I
factor for the plot.

ST)-is program is very flexible and can be used for a va-

riety of purposes. The geometric shapes can be combined to

form complex shapes for rotation and translation in a system.

Other geometric shapes could be added to those already in the

program. It could be used in limited vulnerability studies
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) of aircraft components to determine presented area accurately

and to show shielding effects by other components for any view.

A program listing is included in this section,

I

iI
I
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APPENDIX C

Figures.of the Major Views of the OV-lO

and A-10 Models and the Views of the

) Combination of Shapes
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Figure 20. The OV-10 Computer Model Aircraft: View .
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Figure 21. The OV-10 Computer Model Aircraft: View 16.A
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Figure 22. The OV-10 Comnputer Model Aircraft: V.iew 26.
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Figure 23. The A-10 Computer Model Aircraft: View 14.~.
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Figure 24. The A-1O Computer Model Aircraift: View 16.
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Figure 25. The A-1 Computer Model Aircraft: View 26.
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Figure 26. Combination of Sbopes: View 14j.
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Figure 27. Combination of Shapes: View 15.
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Figure 28. Combination of Shapes: View 16.
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Figure 29. Combination of Shepes: View 17.
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Figure 30. Combination of Shapes: View 22. !
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Figure 31. Combinationl -,C Shapes: View 21.,.
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Figure 32. Combination of Shapes: View 25.
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Figure 33. Combination of Shapes: VW.•-w 6.
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Figure 34. Combination of Shapes: View 7.
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Figure 35. Combination of Shspes: View 8
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